Abstract. Several GTPases of the Rab family, known to be regulators of membrane traffic between organelles, have been described and localized to various intracellular compartments. Rab11 has previously been reported to be associated with the pericentriolar recycling compartment, post-Golgi vesicles, and the transGolgi network (TGN). We compared the effect of overexpression of wild-type and mutant forms of Rab11 on the different intracellular transport steps in the endocytic/degradative and the biosynthetic/exocytic pathways in HeLa cells. We also studied transport from endosomes to the Golgi apparatus using the Shiga toxin B subunit (STxB) and TGN38 as reporter molecules. Overexpression of both Rab11 wild-type (Rab11wt) and mutants altered the localization of the transferrrin receptor (TfR), internalized Tf, the STxB, and TGN38. In cells overexpressing Rab11wt and in a GTPase-deficient Rab11 mutant (Rab11Q70L), these proteins were found in vesicles showing characteristics of sorting endosomes lacking cellubrevin (Cb). In contrast, they were redistributed into an extended tubular network, together with Cb, in cells overexpressing a dominant negative mutant of Rab11 (Rab11S25N). This tubularized compartment was not accessible to Tf internalized at temperatures Ͻ 20 Њ C, suggesting that it is of recycling endosomal origin. Overexpression of Rab11wt, Rab11Q70L, and Rab11S25N also inhibited STxB and TGN38 transport from endosomes to the TGN. These results suggest that Rab11 influences endosome to TGN trafficking primarily by regulating membrane distribution inside the early endosomal pathway.
Introduction
The cell maintains several dynamic properties to internalize and secrete proteins in different ways. The traffic of membranes between organelles occurs through vesicular or tubular intermediates that selectively convey proteins and lipids from one compartment to another under the control of specific proteins. In this context, small GTPases of the Rab family are believed to play a role of ensuring accurate targeting or docking of transport vesicles with their acceptor membranes (Chavrier and Goud, 1999) . Several of these Rab proteins such as Rab4, Rab5, Rab7, Rab11, Rab17, Rab18, and Rab20 (Chavrier et al., 1990 ; Van der Sluijs et al., 1991 , 1992 Lutcke et al., 1993 Lutcke et al., , 1994 Ullrich et al., 1996) , have been localized to the endocytic compartments. The endosomal compartment consists of early and late endosomes, which differ from each other in their subcellular localization, morphology, and physical characteristics. Electron microscopical studies have revealed that vesicle intermediates between these two compartments exist (Gruenberg et al., 1989 ). An emerging concept is that early endosomes can be subdivided into sorting and recycling endosomes, the latter being presumed to function in the delivery of proteins destined for the TGN (Ghosh et al., 1998) . Recently, on the basis of cellubrevin (Cb) 1 and transferrin (Tf) intracellular distribution, it has been suggested that recycling endosomes may also be further subdivided into distinct populations (Teter et al., 1998) . Recycling endosomes are more plastic than sorting or late endosomes and have been shown to possess a perinuclear tubular morphology that is maintained by microtubules (Hopkins et al., 1990 (Hopkins et al., , 1994 Cole and Lippincott-Schwartz, 1995) . The precise boundaries between the sorting and recycling endosomes are still somewhat unclear and the morphology of these compartments varies among different cell types (Sönnichsen et al., 2000) .
Internalized receptors and ligands first enter the peripheral early sorting endosomes where they are separated and either designated for degradation in lysosomes, like the epidermal growth factor (EGF) and low density lipoprotein (LDL) receptors, or recycled back to the plasma membrane, as with Tf receptor (TfR). Recycling back to the plasma membrane may occur directly from sorting endosomes or via the recycling compartment (Ghosh and Maxfield, 1995; Ren et al., 1998) .
The biosynthetic/secretory and the endocytic/degradative pathways are interconnected. Newly synthesized soluble lysosomal enzymes are delivered from the TGN to "prelysosomes" by the mannose-6-phosphate ( M6P) receptors (Kornfeld, 1992) . After release of their ligands, the M6P receptors are returned to the Golgi complex. The major human histocompatibility complex (MHC) class II molecules are also directly transported via the Golgi apparatus to an endosomal compartment. There, within the endosomal pathway, they encounter antigenic peptides before being expressed at the cell surface for antigen presentation (Cresswell, 1994) . Some other proteins, like TGN38, cycle between the plasma membrane and the TGN via an early endosomal compartment (Luzio et al., 1990; Reaves et al., 1993; Chapman and Munro, 1994; Ghosh et al., 1998) . Finally, some bacterial protein toxins, such as the Shiga toxin B subunit (STxB), use a retrograde transport pathway from the plasma membrane to the ER, via endosomes and the Golgi apparatus (Sandvig et al., 1991 O'Brien et al., 1992; Johannes and Goud, 1998; Mallard et al., 1998) .
Rab11 has been found in association with the TGN membranes, post-Golgi vesicles, and recycling endosomes (Urbe et al., 1993; Ullrich et al., 1996) . In MDCK cells, Rab11 is restricted to recycling endosomal compartments, which are distinct from Rab4-positive early endosomes (Sheff et al., 1999) . In parietal epithelial cells, Rab11 is enriched on tubulovesicular structures controlling the cell surface expression of H ϩ /K ϩ ATPase, a function that, in these cells, is related to plasma membrane recycling (Goldenring et al., 1994) . In CHO cells, Rab11 has been shown to regulate the late recycling of the TfR (Ullrich et al., 1996; Ren et al., 1998) . On the basis of its localization to both constitutive and regulated secretory vesicles in PC12 cells (Urbe et al., 1993) , Rab11 has also been postulated to function in exocytosis. In yeast, two Rab11 homologues, Ypt31p and Ypt32p, are thought to regulate membrane transport of proteins along the secretory pathway (Benli et al., 1996; Jedd et al., 1997) . To better integrate these results, we set out to investigate the effect of Rab11 overexpression on different transport pathways in the same cell type. For this purpose we used reporter molecules, specific for particular membrane transport steps, in HeLa cells.
Overexpression of Rab11wt and Rab11Q70L caused the TfR, TGN38, and the STxB to accumulate in large structures spread throughout the cytoplasm. However, overexpression of Rab11S25N resulted in the redistribution of these markers into a distinct tubular network containing the recycling endosomal marker Cb. Cointernalization of antibodies directed against TGN38 and the CI-M6P receptor resulted in the accumulation of anti-TGN38 antibodies in tubular endosomes, whereas anti-CI-M6P receptor antibodies were transported to late endosomes, as they were in control cells. Several other events, such as EGF transport to lysosomes for degradation and MHC class II maturation in the late endocytic pathway, were not affected by overexpression of wild-type Rab11 (Rab11wt) and mutants. In contrast, overexpression of Rab11wt, a GTPase-deficient Rab11 mutant (Rab11Q70L), and a dominant negative Rab11 mutant (Rab11S25N) affected the delivery of the STxB and TGN38 to the TGN. Therefore, we hypothesize that Rab11 contributes to maintain the organization of the early endosomal pathway into distinct subcompartments, each possessing different transport functions.
Materials and Methods

Reagents and Antibodies
Rhodamine-coupled EGF was obtained from Molecular Probes. RPMI 1640, FCS, PBS, penicillin, streptomycin, and sodium pyruvate were purchased from GIBCO BRL. RPMI depleted of methionine and 35 S Translabel were from ICN Biochemicals. Protein A-sepharose was from Amersham Pharmacia Biotech. The rabbit antibody raised against full-length recombinant Rab11 expressed in Escherichia coli was affinity purified, essentially as described previously (Martinez et al., 1994) . The rabbit antiRab6 and the anti-Cb antisera have been described previously (Galli et al., 1998; Martinez et al., 1997) . The anti-human TfR antibody H68.4 was kindly provided by Dr. I. Trowbridge (The Salk Institute, San Diego, CA), rabbit antiserum against the cation-independent M6P (CI-M6P) receptor was kindly provided by Dr. B. Hoflack (Institut de Biologie de Lille, Lille, France), anti-rat TGN38 mAb by Dr. G. Banting (University of Bristol, Bristol, UK), anti-vesicular stomatis virus (VSV) G-tag mAb P5D4 by Dr. T. Kreis (University of Geneva, Geneva, Switzerland), and CTR433, an mAb recognizing a cis/medial Golgi antigen (Jasmin et al., 1989) , by Dr. M. Bornens (Institut Curie, Paris, France). FITC-and Texas red-labeled donkey secondary antibodies were from Amersham Pharmacia Biotech. The mAb DA6.147 (anti-HLA-DR ␣ chain) has been described elsewhere (Guy et al., 1982) . mAbs against human placenta alkaline phosphatase were obtained from Tebu (Le Perrayen Yvelines, France). The mAb H189 against hemagglutinin (HA) was kindly provided by Dr. J. Skehel (Harvard University, Cambridge, MA).
125 I-EGF was from Amersham Pharmacia Biotech. 5-([4,6-dichlorotriazin-2-yl]amino) fluorescein was obtained from Sigma-Aldrich, and coupling with the STxB was performed as described previously (Johannes et al., 1997) . Ironsaturated human Tf was from Sigma-Aldrich. FITC-EGF was obtained from Molecular Probes.
Cell Culture
HeLa cells were grown in DME containing 4.5 g/liter glucose (GIBCO BRL) supplemented with 10% FCS, 4 mM glutamine, and 5 mM sodium pyruvate (GIBCO BRL) in a 6% humidified CO 2 incubator. The M10 melanoma cell line was a kind gift from Dr. T. Hercend (Hospital Paul Brousse, Villejuif, France) and was cultured in RPMI medium supplemented with 2 mM glutamine, 5% sodium pyruvate, and 10% FCS. HeLa cells (SA48) stably transfected with sialyl transferase were kindly provided by Dr. T. Nilsson (EMBL, Heidelberg, Germany). HeLa cells stably transfected with rat TGN38 were a kind gift from Dr. G. Banting (University of Bristol, Bristol, UK).
Plasmids and Transfection
pGEM1-SEAP and pGEM1HA plasmids have been described elsewhere (Martinez et al., 1994) . pGEM1-Rab11 was a generous gift from Dr. M. Zerial (EMBL, Heidelberg, Germany). Rab11S25N and Rab11Q70L were generated by PCR-based mutagenesis on pGEM-Rab11 plasmid. In the first amplification reaction, the mutant primers 5 Ј -CGAGACAA-GAGATTATTCTTTCC-3 Ј (S25N) and 5 Ј -CGGTATCGCTCGAGC-CCTGCTGTGTCC-3 Ј (Q70L) were used in combination with an oligonucleotide corresponding to the T7 promoter. To construct a plasmid expressing the effector loop mutant Rab11I44E, a previously described PCR-based strategy was adopted (Johannes et al., 1997) . First, a pGEM-1 vector carrying the Rab11 cDNA (pGEM-Rab11) was used with PCR primers x/169-1 (5 Ј -GAAAGTAAGAGCACCGAAGGAGTAGAGT-TTGCAAC-3 Ј ) and x/169-2 (5 Ј -GTTGCAAACTCTACTCCTTCGGT-GCTCTTACTTTC-3 Ј ) and external primers x/103-1 (5 Ј -AAGAT-GGGATCCGCGCAATGGGCACCCGCGACGACGA-3 Ј ) and x/103-2 (5 Ј -GTAGGTGAACAGGGCTTACTGACGTCGAAA-3 Ј ) to produce DNA fragments that, in a second PCR with primers x/103-1 and x/103-2, yielded a fragment that was cloned into the BamHI and PstI restriction sites of pGEM-Rab11. Sequences derived by PCR were verified. HeLa cells were infected with the VT7 recombinant vaccinia virus as described (Fuerst et al., 1986) . After infection, the cells were transfected by lipofection using the DOTAB reagent (Boehringer) with either an empty pGEM plasmid (control cells) or plasmids encoding for various Rab constructs (2 g). More than 90% of the cells were usually transfected, as tested by immunofluorescence using an affinity-purified antibody against Rab11. Where indicated, HeLa cells were also cotransfected with secreted alkalin phosphatase (SEAP) or HA for overexpression of these proteins.
Internalization of Endocytic Markers
Iron-saturated human Tf (Sigma-Aldrich) was labeled with FITC (Amersham Pharmacia Biotech) or tetramethyl rhodamine isothiocyanate (TRITC; Sigma-Aldrich) as described previously (Salamero et al., 1990) . For internalization of fluorophore-coupled Tf or fluorescein-EGF, HeLa cells grown on 15-mm round coverslips were transfected for 5 h before being incubated in DME containing 4.5 g/liter glucose (GIBCO BRL) supplemented with 10% FCS, 4 mM glutamine, and 5 mM sodium pyruvate (GIBCO BRL) for various periods of time. CY3-coupled STxB fragments (Johannes et al., 1997) were bound to cells at 4 Њ C for 45 min before internalization into HeLa cells for the times indicated at 19 Њ C or 37 Њ C. Cells were then washed with ice cold PBS and fixed with 3% paraformaldehyde. For antibody uptake, transfected cells were incubated for 2 h at 37 Њ C with mAbs directed against TGN38 or rabbit serum raised against the CI-M6P receptor (5 g/ml and at a 1:1,000 dilution, respectively). Identical concentrations of irrelevant antibodies did not lead to intracellular staining.
Immunofluorescence and Confocal Microscopy
For immunofluorescence experiments, cells were grown on 12-mm round glass coverslips, transfected 5 h before fixation and quenching in 50 mM glycine. Cells were permeabilized in 0.2% saponin containing PBS and 1% BSA and were then double labeled with antibodies against various proteins. As secondary antibodies, we used donkey anti-IgG antibodies coupled to FITC or Texas red (Amersham Pharmacia Biotech). Where indicated, cells were also treated with 20 M nocodazole or 10 M cytochalasine D for 30 min before fixation. Coverslips were mounted in Mowiol (Hoechst AG).
Confocal laser scanning microscopy and multiple immunofluorescence analysis were performed using a TCS4D confocal microscope based on a DM microscope interfaced with a mixed gas argon/krypton laser (Leica).
Streptolysin-O Permeabilization
HeLa cells transfected with Rab11wt or Rab11 mutants were permeabilized with streptolysin-O (provided by Dr. Bhakdi, University of Mainz, Mainz, Germany; Bhakdi et al., 1993) at 4 Њ C, essentially as described previously (Salamero et al., 1996) . Pore formation was induced by incubating the cells at 37 Њ C. After extensive washing with KOAc buffer (25 mM Hepes-KOH, pH 7.0, 115 mM potassium acetate, 25 mM MgCl 2 ), permeabilized cells were fixed and treated for immunofluorescence with antibodies directed against Rab11 (affinity-purified) and TfR (as described above). To better preserve the tubular morphology of the early endosomal compartments in Rab11S25N, cells were incubated with streptolysin-O for 2 min at 37 Њ C before washing and fixation.
Pulse-Chase Experiments
Intracellular transport of newly synthesized MHC class II molecules in M10 cells was monitored using metabolic labeling and immunoprecipitation protocols as described previously (Saudrais et al., 1998) . Samples were boiled in Laemmli's sample buffer for electrophoresis on SDS-PAGE (PAGE) and run under reducing conditions.
The release of sulfated SEAP and the appearance of HA at the cell surface in cells overexpressing Rab11wt and mutants were monitored as described previously (Martinez et al., 1994) . Bands corresponding to HA and SEAP were analyzed and quantified with a Phosphorimager (Molecular Dynamics, Amersham-Pharmacia Biotech).
Transport of the STxB
To follow sulfation of STxB in HeLa cells overexpressing Rab11wt and mutants, we used a recombinant STxB carrying a tandem of sulfation sites (Mallard et al., 1998) . Cells were transfected for 3 h. Metabolic sulfate labeling was monitored as described previously (Mallard et al., 1998) .
Measurement of 125 I-EGF Degradation and 125
I-Tf Recycling
The degradation of 125 I-EGF was carried out as described previously (Mallard et al., 1998) . For 125 I-Tf recycling, cells were incubated with 10 nM 125 ITf for 60 min at 37 Њ C. Cells were then washed three times with ice cold PBS, reincubated at 37 Њ C for the indicated times, and the recycling of iodinated Tf in the medium was estimated as described (Ullrich et al., 1996) .
GTP Ligand Overlay Blotting and Immunoblotting
HeLa cells were transfected with Rab11 and mutants for 5 h before lysis in SDS-PAGE sample buffer and resolution on 10% polyacrylamide gels. Proteins were transferred overnight to nitrocellulose membranes (Immobilon; Millipore) using a Transblot cell (Bio-Rad Laboratories) at 100 mA. After transfer, the membranes were incubated in blotting buffer (50 mM Tris, pH 7.5, 5 mM MgCl 2 , 1 mM EGTA, 0.3% Tween 20) twice for 20 min at room temperature and were probed with 1 Ci/ml [ 32 P]GTP in blotting buffer for 2 h. Aliquots from the same cell lysates were used for immunoblotting and probed with affinity-purified anti-Rab11 antibodies.
Results
Morphological Alterations of the TfR-containing Compartments in HeLa Cells Overexpressing Rab11wt and Mutants
In HeLa cells, endogenous Rab11 displayed a punctate vesicular pattern dispersed throughout the cytoplasm ( Fig. 1 A, control, top). Only a partial colocalization was found between Rab11 staining and TfR in these cells ( Fig. 1 A, control, top and bottom, respectively).
To study the function of Rab11 in HeLa cells, we overexpressed a dominant negative mutant of Rab11 (Rab11S25N) and a GTPase-deficient mutant of Rab11 (Rab11Q70L). In cells overexpressing Rab11wt or Rab11Q70L, the TfR was essentially found in a dispersed and punctate population of vesicles. However, in cells overexpressing Rab11S25N, the TfR was brought into an expanded tubular network ( Fig. 1 A, bottom). The levels of overexpression were similar in cells transfected with Rab11wt, Rab11Q70L, or Rab11S25N, as detected by immunoblotting with affinity-purified antibodies against Rab11 ( Fig. 1 B, control, lane 1; Rab11wt, lane 2; Rab11Q70L, lane 3; and Rab11S25N, lane 4). These proteins were overexpressed 30 or 40 times, depending on the experiment. In GTP overlay experiments, Rab11S25N showed low GTP-binding activity ( Fig. 1 B, lane 8) , as expected. In contrast, Rab11Q70L and Rab11wt showed strong GTP-binding activity ( Fig. 1 B , lanes 7 and 6). In agreement with previous studies in BHK and CHO cells (Ullrich et al., 1996; Ren et al., 1998) , we also detected a weak inhibition of the 125 I-Tf recycling when Tf was continuously internalized for 1 h and chased for various times in cells overexpressing Rab11wt and mutants for 3 h (Fig. 1 C) .
Treatment with the microtubule-depolymerizing agent nocodazole profoundly affected the TfR-positive tubular network generated by Rab11S25N overexpression, giving rise to an intriguing enlargment of this structure ( Fig. 2 A, left). Careful optical sectioning by confocal microscopy indicated that this structure appeared as a unique, interconnected compartment, suggesting that the Rab11S25N-induced tubular network may correspond to an exaggerated endosomal compartment. The tubular pattern observed in untreated Rab11S25N-expressing cells (see Fig. 1 A) was no longer visible, showing that the Rab11S25N-induced tubular network is indeed organized along microtubules, similar to that reported for recycling endosomes (Yamashiro et al., 1984) . In Rab11Q70L-overexpressing cells, nocodazole induced a further dispersion of the TfR staining ( Fig. 2 A, left). In contrast, depolymerization of actin filaments by cytochalasine D had only a minor effect on the overall distribution of early endosomal membranes ( Fig. 2 A, right) .
To determine the intracellular membrane localization of overexpressed Rab11, HeLa cells were transfected with Rab11wt or Rab11 mutants for 5 h and permeabilized with streptolysin-O in order to induce pore formation at the plasma membrane. After extensive washes, most of the cytosolic Rab11 molecules, which corresponded to the majority of overexpressed proteins in transfected cells, were released into the medium (not shown), allowing the detection of the Rab11 molecules that had remained associated to intracellular membranes. Double labeling with antibodies against the TfR clearly indicated a colocalization between endogenous Rab11 and the TfR only in the pericentriolar area in mock-transfected cells (Fig. 2 B, control) . In cells overexpressing Rab11wt or Rab11Q70L, a strong Rab11 immunoreactivity was found in all TfR-positive compartments, including peripheral vesicles (Fig. 2 B, Rab11wt and Rab11Q70L). Membrane association of Rab11S25N molecules in streptolysin-O-permeabilized cells was more difficult to detect since only a small fraction of this mutant is associated with membranes at the steady state. This phenomenon has also been reported previously for equivalent mutants of other Rab proteins (Martinez et al., 1994) . In addition, streptolysin-O treatment affected the microtubule network (not shown), and the TfR tubular network generated by Rab11S25N consistently was Figure 1 . Overexpression of Rab11wt and mutant proteins alters TfR distribution in HeLa cells. (A) HeLa cells were transfected with empty pGEM plasmid (control cells), Rab11wt, Rab11Q70L, or Rab11S25N for 5 h before fixation and permeabilization. In control cells, staining for TfR was located in the perinuclear region (bottom), mostly colocalizing with the staining for Rab11 (top) and in small vesicular structures spread throughout the cells. In Rab11Q70L cells and, to a lesser extent, in Rab11wt cells, the staining pattern of the TfR was concentrated in larger vesicles. In Rab11S25N-overexpressing cells the TfR became redistributed into a distinct tubular network. Overexpressions were assessed by immunofluorescence with the anti-Rab11 antibody. (B) HeLa cells transfected with pGEM-1 (control cells), Rab11wt, Rab11Q70L, and Rab11S25N plasmids were directly lysed 5 h after transfection in 1% Triton X-100. Samples were run on SDS-PAGE gels and transferred to nitrocellulose for immunoblotting using an affinity-purified antibody to Rab11 and an anti-rabbit IgG antibody coupled to peroxidase (ECL protocol). High levels of overexpression of Rab11wt, Rab11Q70L, and Rab11S25N (lanes 2, 3, and 4, respectively) were detected compared with control cells (lane 1). GTPbinding activity was detected using the same cell lysates. The lysates were resolved in SDS-PAGE, transferred onto nitrocellulose, and probed with radiolabeled GTP ([␣-32 P]GTP). Rab11wt and Rab11Q70L cells (lanes 6 and 7, respectively) showed strong GTP-binding activity compared with control cells and Rab11S25N cells (lanes 5 and 8, respectively). (C) Tf internalization and recycling. Cells overexpressing empty plasmid or Rab11 mutants were allowed to internalize 125 I-Tf for 60 min at 37ЊC. Tf was then chased for the indicated time. Nonspecific binding to the plasma membrane was determined by acidic wash and was estimated to be Ͻ5%. After the different times, cells were again placed on ice, the extracellular medium was collected, and TCA was added to 10%. Intracellular 125 I-Tf was determined by measuring the cell-associated radioactivity after solubilization in 1 ml of 1% Triton and recycling was calculated as a percentage of the total 125 I-Tf activity in each time point. not fully preserved under those conditions (Fig. 2 B,  Rab11S25N ). However, in cells overexpressing the Rab11S25N mutant, we detected Rab11 on membranous structures that were also positive for the TfR (Fig. 2 B,  Rab11S25N ).
Tubular TfR-positive Compartments in Rab11S25N-overexpressing HeLa Cells Are Different from Sorting Endosomes and Contain Cb
Temperatures Ͻ 20 Њ C (16 Њ C) have been shown to prevent the progression of endocytosed Tf from sorting endosomes to the recycling compartment in CHO cells (Ren et al., 1998) . The TfR-Tf complexes leave early sorting endosomes for the recycling endosomes within a half-time of 2-3 min (Mayor et al., 1993; Ghosh et al., 1994) . In an attempt to investigate the transport of Tf to TfR-containing compartments in HeLa cells overexpressing Rab11 mutants, TRITC-coupled Tf (red) was internalized for 45 min at 19 Њ C before fixation and labeling with antibodies against the TfR (green) (Fig. 3 A) . Similarly, cells were washed and chased for 5 min in 37 Њ C before fixation (Fig. 3  B) . At 19 Њ C, TRITC-Tf was mainly colocalized with TfR in peripheral structures in mock-transfected cells and not in the pericentriolar area. In Rab11Q70L-overexpressing cells, Tf colocalized with TfR in large peripheral structures at both temperatures. In the Rab11S25N-overexpressing cells, TRITC-Tf appeared largely excluded from the TfRpositive tubular network at 19 Њ C (Fig. 3 A) . However, after 5 min of chase at 37 Њ C, this tubular compartment became labeled with TRITC-Tf (Fig. 3 B) , highlighting its recycling endosome-like characteristics.
We further characterized the endosomal structures generated on overexpression of Rab11 mutants. Cb is a v-SNARE protein associated with recycling endosomes involved in TfR recycling. However, Cb has also been reported to be associated with vesicles that do not contain TfR (McMahon et al., 1993; Galli et al., 1994; Teter et al., 1998) . In mock-transfected cells loaded with TRITC-Tf at 37 Њ C for 1 h and chased for 10 min, Cb was colocalized with internal Tf in the pericentriolar area (Fig. 4, control) . In Rab11S25N-overexpressing cells, both markers became largely colocalized in tubular structures (Fig. 4, Rab11S25N) , whereas in Rab11Q70L-overexpressing cells, Cb became segregated from TRITC-Tf (Fig. 4, Rab11Q70L) . Also, the steady state distribution of Cb was altered in these latter cells compared with mock-transfected cells.
To investigate the putative role of Rab11 at the exit of sorting endosomes, we followed the internalization of EGF, a protein that is engaged in the late endocytic pathway. When TRITC-Tf (red) and fluorescein-EGF (green) were cointernalized at 19 Њ C, these two proteins localized in close apposition in early endosomal structures in both control cells and Rab11 mutant-overexpressing cells (Fig. 5 A) . When chased at 37 Њ C, both markers became separated (Fig.  5 B) . In control cells and in Rab11Q70L-overexpressing cells, TRITC-Tf labeled punctate vesicular structures devoid of fluorescein-EGF. In the Rab11S25N-overexpressing cells, the TRITC-Tf was, however, transferred to the tubular network and the fluorescein-EGF-labeled vesicular structures were also clearly separated from this network. Some of the fluorescein-EGF-positive compartments were identified as late endosomal and/or lysosomal structures by double staining with the lysosomal marker LAMP-2 (data not shown). We also monitored the effect of Rab11 mutants I-EGF specifically bound to the plasma membrane was degraded after 2 h, and similar results were obtained in cells overexpressing Rab11wt or mutants, suggesting that Rab11 does not control access to the late endocytic pathway (Fig. 5 C) .
Golgi Complex Morphology, Secretion, and Cell Surface Transport Are Unaffected in HeLa Cells Overexpressing Rab11wt and Mutants
Earlier studies show that Rab11 is also associated with Golgi membranes and post-Golgi vesicles (Urbe et al., 1993) . In HeLa cells, Rab11 did not seem to be associated with the cis and/or medial Golgi complexes (Fig. 6 A) . HeLa overexpressing Rab11wt and mutant cells were allowed to internalize Tf for 1 h at 37ЊC followed by washes and further chase for another 10 min at 37ЊC before being fixed and stained for Cb (CbV). In control cells, Cb colocalized with Tf in the pericentriolar area, but was also in vesicles that were negative for internalized Tf. In cells overexpressing Rab11Q70L, Cb mainly was segregated from Tf. The steady state distribution of Cb was also altered in these cells.
Overexpression of mutants of other Rab proteins associated with Golgi membranes (Goud et al., 1990; Antony et al., 1992) has been shown to alter the Golgi morphology (Martinez et al., 1994 (Martinez et al., , 1997 . However, the Golgi complex remained unaffected in HeLa cells overexpressing Rab11wt and mutants (Fig. 6 A) .
To investigate the possible role of Rab11 at the interface between the Golgi and the plasma membrane, we followed the cell surface appearance of an exocytic membrane marker, hemaglutinin from the influenza virus (HA). We compared Rab11wt and mutant-overexpressing cells with cells overexpressing Rab6Q72L, as this Rab protein has been shown previously to modify the rate of HA transport to the cell surface (Martinez et al., 1994) . As expected, Rab6Q72L caused a strong inhibition of the appearance of the HA at the cell surface (Fig. 6 B) , whereas Rab11Q70L and Rab11wt did not. A small but reproducible effect was observed with Rab11S25N. This could be explained if a small fraction of the newly synthesized HA molecules engaged an alternative pathway for routing to the plasma membrane, e.g., a pathway via the early/recycling endosomes, where Rab11S25N may exert an inhibitory effect. In fact, the exocytic pathway of membrane proteins in nonpolarized cells has recently been shown to be far more complex than described before (Yoshimori et al., 1996) . It cannot be formally excluded that this effect of Rab11S25N might correspond to a direct and weak effect of the mutant on the exit of membrane proteins at the Golgi level. We thus tested another marker of the secretory pathway, the soluble SEAP. SEAP is transported to the TGN where the protein is sulfated by TGN sulfotransferase. Sulfated SEAP is then transferred to the plasma membrane and secreted into the external medium. As shown in Fig. 6 C, overexpression of Rab11wt and mutants did not affect the extent of secretion of sulfated SEAP into the external medium. We also verified that the sulfation efficiency on SEAP was not affected by overexpression of Rab11 mutants, indicating that sulfotransferase activity was not impaired, and that SEAP was efficiently transported to the TGN under all conditions (not shown).
Transport from Golgi to Endosomal Compartments of MHC Class II Molecules Is Unaffected by Overexpression of Rab11wt and Mutants
We concluded from the above data that Rab11 does not function as a regulator of the constitutive exocytic path- way. However, there was still the possibility that Rab11 acts on a transport step from the Golgi to endosomal compartments. Therefore, we investigated the effect of overexpressing Rab11wt and mutants on the transport of MHC class II molecules from the TGN to the endosomes and/or lysosomes in a human melanoma cell line (M10) constitutively expressing these molecules. In fact, MHC class II molecules consist of ␣ and ␤ chains that associate with the invariant chain (Ii) upon entry into the ER (Cresswell, 1994) . The formation of this complex is a prerequisite for transport to the Golgi complex. After exiting the TGN, the ␣␤ Ii complexes deviate from the constitutive secretory pathway and target directly to the endosomal pathway. Once there, the Ii is degraded (Riberdy et al., 1994) . Compared with HeLa cells, mock-transfected M10 cells displayed a more pronounced pericentriolar staining for the TfR (Fig. 7 A) . However, overexpression of Rab11wt and mutants induced the same morphological changes in the TfR compartments as those observed in HeLa cells (Fig. 7 A; see also Fig. 1 A) . In pulse-chase experiments, we tested the kinetics of Ii degradation in the endocytic pathway, providing a direct measure of ␣␤Ii transfer from the TGN to the endosomes and/or lysosomes. No difference could be detected in the kinetics of degradation of the Ii (p33) chain associated with ␣␤ dimers in M10 cells overexpressing Rab11wt and mutants compared with control cells (Fig. 7 , B and C), suggesting that Golgi to endosome and/or lysosome transport of these molecules is not regulated by Rab11.
Overexpression of Rab11 Mutants Affects TGN38 Distribution and Recycling to the TGN Without Changing the Distribution of Sialyltransferase and the Accessibility of the M6P Receptor to Late Endosomal Compartments
The TGN marker protein TGN38 is known to cycle between the plasma membrane, endosomes, and the TGN (Reaves et al., 1993; Chapman and Munro, 1994) . More precisely, TGN38 was recently shown to be delivered to the TGN after trafficking through the recycling compartment without entering late endosomes (Ghosh et al., 1998) . HeLa cells stably transfected with rat TGN38 were allowed to internalize TRITC-Tf (red) for 45 min at 37ЊC before fixation and labeling with an mAb against TGN38 (green) (Fig. 8 A) . Strikingly, in cells overexpressing Rab11Q70L, TGN38 became partially accumulated, together with the internalized TRITC-Tf, in the large vesicular structures described above (Fig. 8 A) . Even more evident was the colocalization of TGN38 with the tubular structures labeled with internalized TRITC-Tf in Rab11S25N-overexpressing cells. We also noticed that these effects were observed only after Ͼ5 h of overexpression, reflecting a relatively slow rate of TGN38 exit from the TGN (Reaves et al., 1993; Ghosh et al., 1998) , whereas tubularized endosomes labeled with internalized Tf were already visible within 3-4 h. These changes in the distribution of TGN38 upon Rab11wt and mutants overexpression suggest that this Rab protein may act on the homeostasis of the TGN membranes. In contrast to TGN38, the localization of another protein of the trans-Golgi/TGN, ␣-2,6-sialyltransferase (ST) (Roth et al., 1985; Rabouille et al., 1995) , was largely unaffected in cells overexpressing Rab11Q70L and Rab11S25N (Fig. 8 B) . This is consistent Figure 7 . Overexpression of Rab11wt and mutant proteins does not alter the transport of the ␣␤Ii precursor forms of MHC class II molecules from the TGN to degradative compartments in the M10 melanoma cell line. (A) M10 cells were transfected for 5 h with empty pGEM plasmid (control cells), Rab11wt, Rab11Q70L, or Rab11S25N plasmids. Cells were double labeled for TfR (top) and Rab11 (bottom) as described in the legend to Fig. 1. (B) Cells were pulse labeled for 10 min. After the indicated times of chase, the L243 mAb was used for the first immunoprecipitation in order to remove newly generated ␣␤ dimers. Proteins in the supernatants of the first immunoprecipitation were then immunoprecipitated with the DA6.147 mAb. DA6.147 immunoprecipitates, which contain ␣␤ dimers associated with Ii, were treated for SDS-PAGE. Coprecipitated Ii (p33) with the fact that the cellular location of ST (Colley et al., 1992; Dahdal and Colley, 1993) and TGN38 (Bos et al., 1993; Humphrey et al., 1993; Wong and Hong, 1993) depends on different mechanisms.
Also, M6P receptors cycle between the TGN and endosomes (Kornfeld, 1992) . The overall distribution of this molecule did not seem to change after overexpression with Rab11wt or mutants, and no localization to the TfR-positive structures generated was found (not shown). Therefore, we compared the intracellular trafficking in living cells of antibodies directed against the luminal domains of TGN38 and CI-M6P receptor (Fig. 8 C) . In mock-transfected cells, continuous internalization of both antibodies for 2 h at 37ЊC was sufficient to label structures that were otherwise indistinguishable when labeled by the same antibodies in fixed cells (not shown). Internalized TGN38 antibodies labeled cisternal perinuclear structures, whereas internalized M6P receptors appeared vesicular and distinct from the TGN. This is consistent with the fact that in HeLa cells the CI-M6P receptor is essentially concentrated in late endosomes. In cells overexpressing Rab11Q70L or Rab11S25N, anti-TGN38 and anti-CI-M6P receptor largely remained segregated into different compartments, the anti-CI-M6P receptor still labeling vesicular structures, as in mock-transfected cells (Fig. 8 C) . In contrast, the anti-TGN38 antibodies failed to concentrate in the TGN and decorated structures identical to those observed for the steady state distribution of this molecule in cells overexpressing the corresponding mutants (Fig. 8 A) . Interestingly, although the steady state distribution of TGN38 was markedly affected by overexpression of Rab11 mutants, this molecule can still access the plasma membrane, showing that overexpression of Rab11 mutants does not preclude the transport of TGN38 from the TGN to the plasma membrane or its efficient recycling from early endosomal compartments to the cell surface (Ghosh et al., 1998) .
Overexpression of Rab11wt, Rab11S25N, and Rab11 Q70L Inhibits the Delivery of the STxB from Early Endosomes to the TGN
Although the above data suggest that Rab11 is involved in the regulation of transport between early endosomes and the TGN, the low amount of TGN38 at the plasma membrane and in endosomes did not allow us to assess precisely at which stage of the endocytic pathway this Rab protein Figure 8 . Distribution and recycling to the TGN of TGN38 in cells overexpressing Rab11 mutants. (A) HeLa cells expressing rat TGN38 were transfected for 5 h with empty pGEM plasmid (control cells), Rab11Q70L, or Rab11S25N plasmids. TRITCTf (red fluorescence) was internalized for 45 min at 37ЊC before fixation and labeling with an mAb directed against TGN38 (green fluorescence). (B) SA48 HeLa cells, a stable transfectant for sialyltransferase with an epitope tag from the VSV G protein, were transfected for 5 h with empty pGEM plasmid (control cells), Rab11wt, Rab11Q70L, or Rab11S25N plasmids before fixation and labeling with P5D4 mAbs directed against the VSV G epitope (green fluorescence). Overexpression was assessed by double staining for Rab11 (red fluorescence). The staining pattern of sialyltransferase did not change in Rab11 mutant-overexpressing cells compared with control cells. (C) These antibody uptake assays were performed using monoclonal and polyclonal antibodies directed against the luminal domains of rat TGN38 and the CI-M6P receptor, respectively. M6P receptor-specific antibodies (green fluorescence) and anti-TGN38 mAb (red fluorescence) were allowed to continuously internalize in cells for 2 h at 37ЊC. In control cells, this allowed decoration of structures indistinguishable from those stained by the same antibodies in fixed cells (not shown for CI-M6P receptor and in A for TGN38). In the Rab11Q70L cells, the staining pattern of the internalized TGN38 became redistributed in punctate vesicles, whereas in Rab11S25N cells the staining of the TGN38 was redistributed in a tubular network. Although they appear more dispersed in Rab11Q70L cells than in control cells, M6P receptor antibodies do not stain these structures.
acts. Therefore, we took advantage of the property of certain bacterial protein toxins, such as STxB, to be delivered from the plasma membrane to the biosynthetic pathway (O'Brien et al., 1992; Sandvig and van Deurs, 1996; Johannes and Goud, 1998) . We recently found that STxB is transported directly from early endosomes/recycling endosomes to the TGN, bypassing late endosomes (Mallard et al., 1998) . To determine whether transport from the endosomes to the Golgi complex was affected by overexpression of Rab11wt and mutants, we investigated the distribution of internalized STxB in HeLa cells transfected with various Rab11 constructs. As shown above in Fig. 3 , low temperatures did not allow internalized Tf to reach the TfR-containing extended tubular structures generated by overexpression of Rab11S25N. However, even at low temperatures, Tf and TfR were mainly found colocalized in the same structures in Rab11Q70L-overexpressing cells. Similarly, internalized STxB at low temperature was found in the same structures with the TfR in Rab11Q70L-overexpressing cells, whereas the tubular, TfR-positive network in Rab11S25N-overexpressing cells was largely inaccessible to STxB (Fig. 9 A) . In another set of experiments, fluorescent STxB was bound on ice to HeLa cells that overexpressed Rab11wt and mutants. The cells were then shifted S]sulfate was added and the cells were then incubated for another 15 min before lysis. STxB was then immunoprecipitated before gel electrophoresis. Quantification was performed with a Phosphorimager. Particular attention was paid to the relative levels of Rab expression and to the rates of cell transfection, which were calculated in parallel. Data were normalized to the rate of protein and proteoglycan sulfation in the different cells. The results represent the mean Ϯ SD of two (for Rab11I44E) or five independent experiments (all the other transfectants). We express the results as a percentage of the value found in control cells.
to 37ЊC, fixed, and stained for TfR and Rab6 (Fig. 9 B) . In control cells (Fig. 9 B, CTL) , STxB accumulated in the Golgi area as described previously (Mallard et al., 1998) . In Rab11wt-(not shown) and mutant-overexpressing cells, STxB remained largely confined to TfR-containing structures, even though some STxB was also transferred to the Golgi as assessed by a partial colocalization with Rab6.
To further examine the effect of Rab11wt and mutant overexpression on the transport from endosomes to the TGN, we followed the sulfation of internalized STxB in these transfected cells. As already mentioned, protein sulfation is a TGN-specific protein modification (Niehrs and Huttner, 1990 ), and we have recently shown that STxB with sulfation sites (STxB-sulf) can be sulfated after internalization in HeLa cells (Johannes et al., 1997; Mallard et al., 1998) , thus allowing us to measure the transfer of the protein from endosomes to the TGN. After 3 h of transfection, HeLa cells were incubated on ice with STxB-sulf for 45 min, and the cells were then shifted to 37ЊC for 45 min in the presence of [
35 S]sulfate. After lysis, STxB-sulf was immunoprecipitated and analyzed by SDS-PAGE before quantification by comparing the level of STxB sulfation to that of the sulfated cellular proteins (Fig. 9 C) . Compared with mock-transfected cells or with cells transfected with an effector mutant of Rab11 (Rab11I44L), sulfation of STxB-Sulf was reduced by 35% in Rab11wt-, Rab11Q70L-, and Rab11S25N-overexpressing cells (Fig. 9 C) .
Discussion
Our results indicate that Rab11 is likely to be associated with recycling endosomes in HeLa cells as found previously in other cell types (Ullrich et al. 1996; Sönnichsen et al., 2000) . In addition to recycling endosomes, Rab11 has also been localized to the TGN and post-Golgi vesicles in some cell types (Urbe et al., 1993) . In HeLa cells, we were unable to detect colocalization between endogenous Rab11 and Golgi or TGN markers by immunofluorescence. In addition, biochemical and morphological data obtained in this study argue against a role for Rab11 in the biosynthetic/ secretory pathway. Based on our results, a role for Rab11 in transport from early endosomes to late endosomes and from the TGN to late endosomes can also be excluded.
Modifications of TfR-containing Compartments in Cells Overexpressing Rab11wt and Mutants
Internalized Tf, EGF, or STxB feebly accessed the tubular endosome generated by Rab11S25N at low temperature, indicating that this tubular endosome is different from the sorting endosome. In addition, further chase at 37ЊC allowed both Tf and STxB (but not EGF) to rapidly label these tubular endosomes. Since Rab11S25N did not block the access to the tubular endosomes, Rab11 is probably not directly involved in transport from sorting to recycling endosomes. The exaggeration of this recycling endosome suggests instead that Rab11 plays a role in the exit of membranes from this compartment. Depolymerization of microtubules, rather than fragmenting the tubular endosome induced by Rab11S25N overexpression, leads to swelling and the loss of the pericentriolar organization of this structure. This suggests that the extension of the tubular endosome upon Rab11S25N overexpression results from the inhibition of the formation of transport intermediates from the recycling endosome. Although the generally accepted model describes a role for Rab proteins in vesicle docking and fusion (Novick and Zerial, 1997) , there is also evidence that certain Rabs, including the yeast Rab11 homologues, may function in promoting vesicle budding (Riederer et al., 1994; Nuoffer et al., 1994; Tisdale and Balch, 1996; Jedd et al., 1997) .
Upon overexpression of Rab11wt and Rab11Q70L, both types of Rab11 molecules substantially colocalized with the TfR compared with untransfected cells. Surprisingly, these enlarged peripheral structures contained most of the intracellular TfR and seemed to correspond to sorting endosomes. However, the EGF rapidly segregated from other internalized markers, implying that Rab11 does not influence the exit of this molecule from sorting endosomes. One possible explanation would be that strong overexpression of Rab11wt or Rab11Q70L leads to a partial fusion between recycling and sorting endosomes. In support of this hypothesis, it has been suggested that Rab5, a marker of sorting endosomes, and Rab11 partially colocalize in cells overexpressing both molecules (Ullrich et al., 1996) . It was also recently postulated that the active form of Rab11 is required for the formation of Tf-containing vesicles, which emerge from sorting endosomes en route to either the plasma membrane or pericentriolar recycling endosomes (Ren et al., 1998) . However, direct evidence of distinct roles for early and/or sorting endosomes and recycling endosomes have now been provided in MDCK cells, showing that Rab11-positive compartments do not seem to be essential for recycling from early and/or sorting endosomes to the basolateral plasma membrane, although they may be involved in specific sorting of apical to basolateral proteins (Sheff et al., 1999) . Our results do not favor a direct role of Rab11 at the exit of the sorting endosome, although the overexpression of the mutants may have modified the dynamic homeostasis of both the recycling and sorting endosomes.
Modifications of Cb-positive Recycling Endosomes in Cells Overexpressing Rab11 Mutants
Several membrane proteins that cycle through the endosomal membranes have overlapping but distinct distributions, suggesting that they may not always follow the same path (Wei et al., 1998) . The v-SNARE protein Cb, which is a constituent of recycling endosomes, has been suggested in previous studies to codistribute only partially with Tf (Galli et al., 1994) . More precisely, this heterogeneity in Tf and Cb distribution reveals that the recycling endosomal network is constituted in different subcompartments (Teter et al., 1998) .
The strong increase in the colocalization of Tf and Cb in cells overexpressing the dominant negative mutant of Rab11 implies a reduced segregation of Cb from the Tfpositive recycling compartment and is consistent with the hypothesis that Rab11 plays a role in sorting events that take place at this site. Moreover, overexpression of Rab11Q70L induced further segregation between Tf and Cb, and these distinct redistributions may reflect the disappearance of the tubular recycling endosomes themselves. This also reinforces the assumption that Rab11 acts as a sorting modulator at the exit of the recycling compartment.
Rab11 Is Also Involved in the Sorting of Proteins from Endosomes towards the Biosynthetic Pathway
We show that Rab11 may function in the exit of proteins out of the recycling endosomes. These proteins include both a TGN resident, TGN38, which cycles between plasma, the membrane and the TGN (Ladinsky and Howell, 1992; Reaves et al., 1993) , and STxB. Previous reports on TGN38 transport have suggested that acidic endosomes may participate in the delivery of TGN38 to the TGN (Chapman and Munro, 1994) . However, the precise characterization of this endosomal/acidic compartment, and whether this effect was direct or indirect, is difficult to evaluate. More recently, it was clearly demonstrated that most of endocytosed TGN38 chimeric protein is first delivered to the endocytic recycling compartment, before being sorted to the TGN (Ghosh et al., 1998) . The redistribution of endogenous TGN38 into TfR-positive structures in cells overexpressing Rab11S25N thus suggests that TGN38 transport back to the TGN is dependent on a transport step regulated by Rab11. Evidence also exists that a small proportion of internalized Tf can reach the TGN and that cell surface TfR can be modified by TGN-specific enzymes during recycling (Snider and Rogers, 1985; Fishman and Fine, 1987) , showing that early/recycling endosomes and the TGN may be closely related. The relative distribution and uptake of specific antibodies in the different transfected cells strongly suggest that the CI-M6P receptor and TGN38 are cycling to the TGN from different endosomal compartments.
Recent studies from our laboratory showed that TGN38 and STxB colocalized during their transport from the early endosomes to the TGN (Mallard et al., 1998) . Our biochemical data indicate that sulfation of internalized STxB is indeed inhibited in cells overexpressing Rab11wt, Rab11S25N, and Rab11Q70L, but not in cells overexpressing the effector loop mutant Rab11I44E, whereas in the same cells the sulfation of a secreted protein was unaltered. The fact that not only Rab11S25N overexpression but also the overexpression of Rab11wt and Rab11Q70L led to a partial inhibition of sulfation remains a striking observation. Whether this reflects the depletion of the recycling compartment itself or an alteration in the membrane dynamic between sorting and recycling endosomes leading to the fusion of these two compartments remains to be evaluated. However, these observations suggest that for efficient transport to the TGN, at least a portion of STxB needs to pass through a recycling endosome on which Rab11 exerts its function. As a whole, these findings indicate that, in HeLa cells, Rab11 is involved in the sorting of proteins from recycling endosomes to the TGN.
In conclusion, our study emphasizes the importance of recycling endosomes in the delivery of proteins to different parts of the cell. In this context, Rab11 is likely to act as a modulator of sorting functions in recycling endosomes.
